The theoretical framework, which is built from the first-principles results, is successfully developed for investigating emergent two-dimensional (2D) materials, as it is clearly illustrated by carbon substitution in silicene. Computer coding with the aid of VASP in conjunction with data analysis from the multi-orbital hybridizations [spin configurationsf ] are thoroughly identified from the optimal honeycomb lattices, the atom-dominated energy spectra, and the spatial charge density distributions. The atom and orbital-decomposed van Hove singularities [the net magnetic moments], being very sensitive to the concentration and arrangements of guest atoms. All the binary 2D silicon-carbon compounds belong to the finite-or zero-gap semiconductors, corresponding to the thoroughly/strongly/slightly modified Dirac-cone structures near the Fermi level. Additionally, there are frequent π and σ band crossings, but less anti-crossing behaviors. Apparently, our results indicate the well-defined π and σ bondings.
Introduction
Chemical substitutions on layered materials are capable of band structure tailoring which could lead to significant modifications of the properties of pristine lattices through very strong host-guest multi-orbital hybridizations. With the use of modern experimental growth techniques, ternary and binary compounds, which are characterized by B x C y N z , have been successfully synthesized for three-dimensional (3D) bulk systems [1, 2] , twodimensional (2D) layers [3] , one-dimensional (1D) cylindrical nanotubes [4] , 1D nanoribbons [5] , and zero-dimensional (0D) quantum dots [6] . Their geometric structures vary from three to zero dimensions, as observed in carbon-related systems [7, 8] . This clearly indicates that each atom possesses at least three half-filled orbitals. Similar syntheses have been performed for the high-potential Si-C compounds [9] . In general, it would be routine to produce the above-mentioned compounds, whereas the opposite might be true for specific components. Chemisorption and substitution of silicon atoms on graphene are two very interesting procedures, since first-principles predictions are available for understanding the important differences between these two types of chemical modification [10, 11] , and providing additional information regarding another approach for the formation of silicon-carbide compounds [12] . Based on the viewpoint of a carbon-created honeycomb lattice, silicon atoms are regarded as adatoms and guest ones, respectively, in these two cases. The former presents optimal positions at the bridge sides above the graphene surface [13] , while the latter shows the [Si, C]-co-dominated A and B sublattices with deformed hexagons [14] .
Both silicon and carbon atoms have rather active dangling bonds, leadings to significant multi-orbital hybridizations in Si-C [Si-Si and C-C] bonds. Most important, the planar bondings between Si and C atoms are expected to be stronger and complicated, compared with the perpendicular configuration. That is to say, the π and σ [π] bondings of graphene will be significantly modified by Si-substitutions [15] . This is directly reflected in the diversified properties, the spatial charge distributions, atom-dominated energy bands, and atomas well as orbital-projected density-of-states. Furthermore, their gradual transformations could be achieved through the Si-/C-substituted graphene/silicene honeycomb lattice.
The present work is focused on the diverse geometric, electronic and magnetic properties of C-substituted silicene. A theoretical framework, which is based on multi-orbital hybridizations and atom-created spin configurations, is further developed to clearly analyze the concentration-and configuration-dependent phenomena. For example, the zero-and finite-gap behaviors, the main features of π and σ bands could be understood from the specific relations among the hybridized π, σ and sp 3 chemical bondings. On the experimental side, a controllable synthesis way, using MTMS/hexane as precursors, is proposed to generate the large-area graphene-based Si-C binary 2D compounds [16] . Furthermore, the silicon-carbide nanosheets are successfully synthesized by a catalyst free carbothermal method and post-sonication process [17] , in which the AFM measurements show the 3 average thickness of ∼ 2 − 3 nm and size of ∼ 2 µm.
Method of calculation
Our investigation of the diverse properties of carbon-substituted silicene is base on density functional theory using VASP codes [18, 19] . The exchange and correlation energies due to many-particle Coulomb interactions were calculated with the use of the Perdew-Burke-Ernzerhof (PBE) functional under the generalized gradient approximation [20] , whereas the electron-ion interactions can be characterized by the projector augmented wave (PAW) pseudopotentials [21] . A plane-wave basis set with a maximum kinetic energy cutoff of 500 eV was chosen to expand the wave function. In a direction perpendicular to the silicene plane, a vacuum layer with a thickness of 15Å was added to avoid interactions between adjacent unit cells. The k-point mesh was set as 9 × 9 × 1 in geometry optimization, 100 × 100 × 1 for further calculations on electronic properties via the Monkhorst-Pack scheme. During the ionic relaxations, the maximum Hellmann-Feynman force acting on each atom is less than 0.01 eV/ whereas the convergent energy scale was chosen as 10 − 5 eV between two consecutive steps.
Numerical Results and discussion

Geometric structure of carbon-substituted silicene
Carbon-substituted silicon systems are capaable of possessing unusual geometries, as it is clearly indicated in Table 1 and Figs. 2(a) through 2(l). Four types of typical Csubstitution configurations, which cover meta, ortho, para, and single cases, are chosen for a model investigation. In general, the third and fourth types, respectively, possess the lowest and highest ground state energies, i. e., the para-configuration is the most stable among them, or it is expected to be relatively easily synthesized in experimental growths.
Carbon and silicon atoms, respectively, possess four outer orbitals of [2p x , 2p y , 2p z , 2s] and [3p x , 3p y , 3p z , 3s]. In addition to the pure ones, the substitutions of the former, as clearly illustrated in Fig. 2 (a) through 2(l), will create the hybridized π and σ bondings [2p z -3p z and (2s, 2p x , 2p y )-(3s, 3p x , 3p y )] in silicene honeycomb lattice [the standard orbital hybridizations in Fig. 2(a) ]. This seems to be responsible for the extremely non-uniform chemical/physical environments in an enlarged unit cell. Consequently, the Si-Si/Si-C bond lengths and the height difference between A and B sublattices might lie in specific ranges [ Table 1 ]. Specifically, the full C-substitution case, with the only uniform environment, is clearly different from the pristine one, since they, respectively, have the planar and buckled honeycomb lattices [Figs. 2(b) and 2(a); δ z =0 ∼ 0.48Å]. When the C-concentration is sufficiently low, the buckled structures will recover, such as, the C:Si ratio lower than 15%.
For the other conditions, the existence of buckling strongly depends on the concentration and configuration of the substitution.
Band structure tailoring of Carbon-substituted silicene systems
The specific relations among the π, σ and sp 3 bondings in a pristine monolayer silicene account for the main features of the band structure. The electron-hole symmetry around the Fermi level is only weakly modified at low energy, as illustrated in Fig. 3 (a). The first pair of valence and conduction bands. being nearest to E F = 0, are initiated from the stable K/K valley. A very narrow band gap of E g ∼ 0.01 meV comes to exist between slightly separated Dirac cones, mainly due to the weak spin-orbital coupling [a singleparticle interaction]. This result is consistent with that obtained using the tight-binding model [22] . Additionally, they show the valence/conduction saddle M-point structure at -1.02 eV/0.59 eV. Finally, the π band is ended at the stable Γ valley, in which the π-band energy width for valence states, the energy spacing between the initial K point and the final Γ point is about 3.2 eV. Apparently, such electronic spectrum originates from the π bonding of pure 3p z -3p z orbital hybridizations in the buckled honeycomb lattice. On the other hand, the four-fold degenerate σ bands, which arise mainly from [3p x , 3p y ]-orbital bondings, obey parabolic energy dispersion relations from the stable Γ valley at E v ∼ −1.04 eV. The σ and π valence bands have the obvious or observable mixing behavior along the ΓK and ΓM directions, since there exists a weak, but significant sp 3 bonding. Additionally, the band width of the first σ-electronic states along ΓMK is about 3.45 eV. Generally, all πand σ-bands [three-band] widths could be well defined for monolayer silicene. In addition, all k-states in the energy bands are doubly degenerate in terms of spin degree of freedom, since the spin-up-and spin-down-dominated states have identical energy spectra.
The full carbon-substitution silicene system, i.e., the silicon-carbon binary compound [23] , exhibits an unusual electronic energy spectrum as shown in Fig. 3 (b), being totally different from the pristine case [ Fig. 3(a) ]. The occupied valence bands are highly asymmetric to the unoccupied conduction bands near E F = 0. Such material is classified as a direct-gap insulator with a band gap larger than 2.56 eV at the K/K point, as observed in a wide-gap monolayer boron-nitride system [24] . This is closely related to the strongly mod- nearest to E F are, respectively, π and π * bands due to the 2p z -3p z impure orbital hybridizations in Si-C bonds. The higher/lower ionization energy of 2p z /3p z orbitals further leads to the creation of a band gap for the honeycomb lattice, and the C-/Si-dominance of the π/π * bands [the red and blue circles]. The first pair of energy bands are highly anisotropic.
For example, the valence/conduction π/π * states, which are initiated from the K valley, When the suitable parameters are achieved under numerical fitting with the first priciples calculations, the generalized tight-binding models in the presence of external electric and magnetic fields [32, 33] are very powerful in completely understanding the rich magnetic quantization phenomena of Si-C-based 2D compounds. The similar simulation methods could be done for the more complicated B-and N-substituted silicene compounds.
Spatial charge density distributions
The spatial charge density distributions are able to provide certain observable evidences regarding the existence of the impure/pure π and σ chemical bondings as well as their nonorthogonalities or orthogonalities. Pristine 2D silicene, as clearly displayed in Fig. 4(a) with the [x, z]-and [x, y]-plane projections, shows the well-defined 3p z -3p z and [3s, 3p x , 3p y ]-[3s, 3p x , 3p y ] orbital hybridizations, especially for the latter. In our notation, ρ is a symmetric distribution around the Si-Si bond center. Most of the charge density is accumulated between two silicon atoms [the red region], corresponding to the very strong σ bonding of three orbitals. The neighboring Si-atoms are also attracted together through the parallel 3p z orbitals perpendicular to the [x, y] plane, in which the π bonding appears in the outer region shown by the light green/blue color. As a result of buckling, they have the weak, but significant sp 3 hybridizations under the non-orthogonality of π and σ chemical bondings. When the Si-Si bonds become Si-C ones under full substitution, ρ presents a dramatic transformation, being clearly illustrated in Fig. 4(b) . The charge density is highly asymmetric with respect to the C-Si bond center, mainly owing to the different electron affinities of the guest and host atoms. There exist more carriers around the guest C-atoms [the red region]; that is, electrons are transferred from silicon to carbon atoms. The whole C-Si bonds consist of a planar honeycomb lattice with a stronger σ bonding, compared with those of a pristine one [ Fig. 4(a) ]. The σ and π bondings could be roughly defined under the impure 2p z -3p z and [2s, 2p x , 2p y ]-[3s, 3p x , 3p y ] orbital hybridizations, respectively.
They are directly reflected in the π-and σ-electronic valence subbands, with direct crossings [ Fig. 3(b) ]. Most important, two kinds of chemical bondings are orthogonal to each other.
Therefore, the sp 3 orbital hybridizations are negligible in the [1:1] case. Each Si-C bond has the identical chemical environment, i. e., only one chemical bond in a unit cell. This clearly illustrates that it is relatively easy to simulate the first-principles band structure using the tight-binding model [34] . principles electronic energy spectra along the high-symmetry paths are successfully simulated by the tight-binding model with the non-uniform and multi-/single-orbital hopping integrals [35] , the diversified essential properties could be fully explored in the near-future, e.g., the rich and unique magnetic quantization phenomena [33] , as predicted/observed in layered graphene systems [36] . The structural features, energy and number of van Hove singularities exhibit a dramatic transformation under full carbon substitution, as indicated in Fig. 5(b) . The special structures cover vanishing density-of-states within a band gap of E g ∼ 2.56 eV at the K/K valley, the initial π shoulder/delta function-like π * peak at −1.26 eV/1.26 eV [also shows the low-lying π and π * bands in Fig. 3(b) ], the −1.95 eV symmetric π peak in the logarithmic divergence, the final π shoulder at −5.00 eV, the first σ shoulder at −2.75 eV, the −4.10 eV logarithmic peak, and the second discontinuous structure at −7.01 eV.
Density-of-states
We also, observe that the first valence/conduction structure is dominated by the C-2p z orbitals/Si-3p z ones due to an obvious difference of ionization energy. The widths of the π and first σ bands are ∼3.74 eV and 4.26 eV, respectively. Additionally, there is no evidence of π-σ band mixing. This is mainly due to the absence of the simultaneous four-orbital structures. The fact that the sp s bonding is absent agrees with the direct π-σ subband crossings [ Figs. 3(b) ].
Within the whole energy range, the van Hove singularities become more complex during , the electron-hole asymmetry near the first pair of clearly identifiable shoulders, the prominent π peak in logarithmic form, the second and third shoulders and so on. Finally, the dip structure at E F , with a very small gap comparable to the broadening factor, will come to exist for a sufficiently low concentration, e.g., the almost gapless behavior in the [1:17] case [ Fig. 5(l) ]. We also noticed that the single-particle interactions of spin-orbital couplings cannot create any significant effects on the electronic properties and thus the other essential properties.
High-resolution scanning tunneling spectroscopy (STS) is an efficient method which could serve to identify the valence and conduction band-edge states [the van Hove singularities of the density-of-states. So far, they have confirmed the rich and unique density-ofstates in dimension, stacking, layer number dependent graphene based materials, such as, the width and edge structure dominated/chirality and radius related band gaps and considerable asymmetric prominent peaks in 1D semiconducting graphene nanoribbons/carbon nanotubes [37] / [38] , the V-shape structure with a dip at the Fermi level in monolayer graphene [39] , the Dirac point red shift thorough alkali adatom chemisorption [n-type doping] [40] , the gate-voltage-created band gap in bilayer AB-stacked graphene [41] , surface state peak just at E F in trilayer ABC stacked graphene [42] , the semimetallic behavior [finite density-of-states at E F ] and the clearly symmetric π and π * peaks at mid energies for Bernal graphite [43] . Similar STS examinations could be conducted on the various van 
Concluding Remarks and Summary
Chemisorption and substitution of Si-guest atoms on monolayer graphene present unusual geometric properties, which are directly reflected in the spatial charge distributions.
Si-adsorbed graphene is a non-buckled honeycomb lattice under optimal bridge-site positioning. A planar structure clearly indicates a very small variation in the σ bonding of C-[2s, 2p x , 2p y ] orbitals. Therefore, they hardly take part in Si-C bonds. This adsorption configuration is similar to that of graphene oxide [44] , but there is a slight buckling in the Si-guest-atom chemisorption and substitution. Pristine monolayer graphene only presents a V-shaped structure with a vanishing value at the Fermi level, the logarithmic symmetric π-/π * -peaks at −2.41 eV/1.81 eV, and a shoulder structure at −3.01 eV, in which the former two and the last one, respectively, correspond to the π and σ bondings of carbon atoms. The strong π-bonding evidence is totally destroyed by chemisorption except for the very diluted Si-adatoms. They are replaced by a finite density-of-states at E F = 0, many shoulders, and peak structures. Furthermore, they are co-dominated by the four Si-[3s, 
